Protein N-glycosylation is an ancient metabolic pathway that still exists in all three domains of life (Archaea, Bacteria and Eukarya). The covalent addition of one or more complex oligosaccharides (glycans) to protein backbones greatly diversifies their structures and makes the glycoproteome several orders of magnitude more complex than the proteome itself. Contrary to polypeptides, which are defined by a sequence of nucleotides in the corresponding genes, the glycan part of glycoproteins are encoded in a complex dynamic network of hundreds of proteins, whereby activity is defined by both genetic sequence and the regulation of gene expression. Owing to the complex nature of their biosynthesis, glycans are particularly versatile and apparently a large part of human variation derives from differences in protein glycosylation. Composition of the individual glycome appears to be rather stable, and thus differences in the pattern of glycan synthesis between individuals could originate either from genetic polymorphisms or from stable epigenetic regulation of gene expression in different individuals. Studies of epigenetic modification of genes involved in protein glycosylation are still scarce, but their results indicate that this process might be very important for the regulation of protein glycosylation.
Introduction
Protein N-glycosylation is an ancient metabolic pathway developed before the diversification of Archaea, Bacteria and Eukarya, which still exists in all the three domains of life (1, 2) . Over a half of all known eukaryotic proteins are N-glycosylated by covalent addition of branched oligosaccharides (glycans) to the asparagine residues within a sequence Asn-X-Ser/Thr (3). Many proteins are also O-glycosylated by the addition of glycans to serine or threonine. In unicellular organisms glycans generally function only as structural components of the cell membrane, whereas in multicellular organisms they acquired various complex functions needed to integrate numerous cells into a single functional unit (4, 5) . At least 2000 different glycan determinants have been found to exist in mammalian glycoproteins (6) . For example, over 30 different glycans (Figure 1 ) can be attached to the conserved Asn 297 of the IgG heavy chain (7, 8) . Because there are two heavy chains in each IgG molecule, over 900 different IgG isomers can be generated from this single glycosylation site. Between two and five glycans are attached to an average glycoprotein, resulting in an exceedingly complex glycoproteome (defined as the complete set of all glycoproteins in an organism), estimated to be at least several orders of magnitude more complex than the proteome itself (9) . N-glycosylation is essential for multicellular life and its complete absence is embryonically lethal (10) . Variations in glycosylation are of great physiological significance because it has been demonstrated that changes in glycans significantly change the structure and function of polypeptide parts of glycoproteins (11) . Proper glycosylation of membrane receptors is particularly important as it modulates adaptive properties of the cell membrane and affects communication between the cell and its environment (12) . Dysregulation of glycosylation is associated with a wide range of diseases, including cancer, diabetes, cardiovascular, congenital, immunological and infectious disorders (13) (14) (15) . Nevertheless, knowledge about the structure and function of glycans is still significantly lagging behind the knowledge of other macromolecules (16) due to experimental difficulties in analyzing complex glycan structures. However, recent technological advances have allowed reliable, high-throughput quantification of N-glycans (17) (18) (19) , which now permits large-scale studies aimed at understanding the complexity of protein glycosylation.
The great functional diversity of glycans is a reflection of the great diversity in glycan structures and the diversity of proteins to which glycans are attached: they are important for proper folding of proteins; they can modify and/or regulate the function of protein backbones (20) , contributing to the adaptive nature of the cell membrane (12) ; their strategic placement provides protease protection without interfering with the function of the protein; they serve as recognition motifs for specific carbohydrate binding proteins (lectins) and mediate cell-cell interactions (21); they enable proteins and lipids to 'jump' from one cell to another (22) ; and they can also have many other functions, some of which are still poorly understood (5). Carbohydrate recognition is an inte- Structures of the main neutral, monosialylated and disialylated glycans which can be attached to conserved Asn 297 of the IgG heavy chain are shown. These glycans have a common core composed of two core N-acetylglucosamines (squares), three core mannoses (circles) and two antennary N-acetylgalactosamines, but they differ in the number of galactoses (diamonds) and sialic acids (stars) on the antenna, and the presence or absence of N-acetylglucosamine attached to the first core mannose and the presence or absence of fucose (diamond with a dot) attached to the first core N-acetylglucosamine. Glycan structures significantly affect binding of IgG to its receptors and modulate functions of IgG in the immune response.
gral part of normal biological development (23) and the immune defense against pathogens is mediated through the identification of exogenous carbohydrates (14) . Glycocalyx, a dense layer of glycoconjugates on the surface of all cells of higher eukaryotes, enables their communication with the outside world. Many bacterial and viral pathogens initially adhere to host tissues by binding specifically to carbohydrates on the host cell surfaces (24) . Therefore, the versatility of glycan structures in higher eukaryotes helps them to compete with the fast evolution of pathogens and contributes to the evolutionary success of higher organisms despite their much longer generation times.
Glycans are very complex and highly versatile biomolecules
A typical glycan is a complex molecule containing between 10 and 15 monosaccharides. Contrary to proteins and DNA which are linear molecules, glycans are nonlinear branched structures and the particular glycan structure is characterized not only by the sequence of monomeric units but also by the exact position of the glycosidic bond, its anomeric configuration (a or b), the number of branches and the position of branching. In addition, although genes unequivocally determine the structure of each polypeptide (by encoding the sequence of amino acid residues), there is no genetic template for the glycan part. Instead, a complex dynamic network of hundreds of genes code for enzymes involved in the synthesis of glycans (25) ; over 600 'glyco-genes' (genes coding for various glycosyltransferases, glycosidases, enzymes for sugar nucleotide biosynthesis, transporters, etc.) are currently known (26, 27) . The expression and activity of the 'glyco-genes' are affected by various transcription factors, Golgi organizers, proton pumps, etc., what additionally increases the number of genes and protein products that are directly or indirectly involved in the synthesis of glycans. Taking this into consideration, protein glycosylation can represent by far the most complex and the most expensive metabolic pathway in eukaryotes.
Glycosylation is the only post-translational modification that can produce significant structural changes to proteins. Contrary to the core N-glycan structure, which existence is essential for multicellular life (10) , mutations in genes involved in modifications of glycan antennas are common and apparently cause a large part of individual phenotypic variations that exist in humans and other higher organisms. The most prominent example is the ABO system of blood group determination, which arises from the existence of three allelic variants of a single glycosyltransferase gene. However, the majority of human variability originates from single nucleotide polymorphisms (SNPs) that individually do not have visible phenotypes, but if present in specific combinations within the same individual can have significant phenotypic effects (28) (29) (30) . Owing to hundreds of genes that interact to generate glycans, glycosylation is particularly prone to this type of variability. Some combinations of individual SNPs can be manifested as specific glyco-phenotypes, which might represent potential evolutionary advantages or disadvantages. The most prominent examples are various forms of congenital disorders of glycosylation (31) , which are usually caused by a combination of several individual mutations (32) . Most of these mutations are actually leaky mutations that result in varying residual enzyme activity. However, when combined in the same individual they result in a complex phenotype associated with significant mortality and extensive motoric, immunological, digestive and neurological symptoms (31, 33) .
Recently, we performed the first large-scale analysis of human plasma glycome (defined as the complete set of glycan structures in an organism), which revealed unusually high variability in level of individual glycans in human plasma (34) . The median difference between minimal and maximal levels of individual plasma glycans was found to be over six-fold, much more than that recorded for any other classes of macromolecules. This variability appears to be genetically predetermined, because environmental factors were found to explain -5% of variance for the majority of glycans analyzed (35) . Further support in favor of genetic predetermination of the individual glycome composition comes from a demonstration that the individual plasma glycome changes very little even after a prolonged period of time (36) . Several clearly identifiable glyco-phenotypes which significantly differed from the normal glyco-phenotype in levels of one or more glycans were observed to exist in both European and Chinese populations. Some of these phenotypes were associated with specific pathological conditions, whereas others apparently did not have any identifiable adverse consequences for health (37) . However, these analyses were performed in steady-state (normal) conditions, and it is unknown whether a specific aberrant glyco-phenotype would represent a disadvantage or advantage when an organism is challenged. For example, a decrease in the level of bi-galactosylated biantennary glycans with age was found to be associated with the increase in their sialylation (35) . This indicates that cellular machinery for protein sialylation is operating at its near-maximal capacity and that any additional restriction (e.g., caused by a benign polymorphisms in the pathway) could limit the ability of the organism to respond to environmental challenges, what might be of particular importance when the organism is challenged with infection or system inflammation and needs to produce a large amount of (sialylated) acute phase proteins or antibodies.
Epigenetic mechanisms regulate gene expression
Epigenetics can be defined as mitotically heritable changes in gene expression that are not encoded in a DNA sequence but are affected by modifications of DNA and histone proteins, i.e., the chromatin template. The long histone tails of the nucleosomes, the primary chromatin subunits, rich in highly conserved Lys, Arg and Ser residues provide sites for post-translational modifications. Combinatorial and consecutive histone modifications, the 'histone code', are recognized by different enzymes to establish specific chromatin structures -open versus closed -and/or transcriptional states -expression versus silencing (38) of a particular chromosome/nuclear region. Synergistic and/or antagonistic action of specific histone modifying enzymes, such as histone acetyltransferases and deacetylases or histone methyltransferases, are responsible for correct structural and regulatory states of the particular nuclear region. The functional importance of these enzymes is highlighted by their fundamental regulatory roles in developmental processes and by the fact that their deregulation has been linked to the development and progression of many human diseases, most notably cancer (39) (40) (41) . Indeed, the coordinated action of histone modifying enzymes with some other important enzymes (such as DNA methyltransferase I) as well as with chromatin-assembly factors and chromatin remodelers enable reliable inheritance of the epigenetic information (42) . Hence, any cell lineage will show its own epigenetic memory.
'Histone code' alone does not provide the complete epigenetic information to a cell but is tightly connected with the most common epigenetic modification, the CpG methylation. There is a complex crosstalk between DNA and histone modifications forming a complex network of epigenetic information. CpG methylation, histone deacetylation and methylation of histone H3 at lysine 9 are associated with repressed chromatin and it has been shown that these three events are interrelated, self-reinforcing and self-perpetuating (43) . Relationships between DNA methylation and histone modifications have implications for normal development, cell reprogramming and tumorigenesis. Both modifications are extensively altered in human cancers (44) . Promoters of most human genes (;60%) are located in CpG rich sequences 0.3-2 kb in length, the so-called CpG islands, which are normally unmethylated. In cancer, hypermethylation within promoter region causes silencing of tumor suppressor genes and the loss of function (45) . It has recently been shown that aberrant histone modifications cooperate with hypermethylation in this process (46) (47) (48) ; nevertheless, the whole picture of how these two epigenetic mechanisms are interrelated is still poorly understood (49) . Two different groups of drugs, DNA methyltransferase inhibitors (such as 5-azacytidine, 5-aza-C and 5-aza-29-deoxycytidine, 5-aza-29-dC) and histone deacetylase inhibitors (such as butyrate), have been widely used in cancer research, and it has been shown that their synergistic effects can restore gene function silenced due to aberrant epigenetic changes in cancers (50) .
Cancer-associated aberrant epigenetic modifications are not restricted to tumor suppressor genes and many other genes are affected. 'Glyco-genes' are one of the groups of genes which epigenetic status was found to be changed in tumors; aberrant methylation and histone deacetylation of several 'glyco-genes' have been detected in different tumors such as colorectal, gastric, pancreatic, breast, lung and blood cancers (51) (52) (53) (54) (55) (56) .
Epigenetic regulation affects glycan biosynthesis
Glycans were found to differ significantly between individuals (34), but within an individual glycome composition is rather stable and changes very little with time (36) . Stable individual differences in the glycan biosynthesis could be explained either by genetic polymorphisms or by stable epigenetic differences in transcriptional status of 'glyco-genes' (Figure 2 ). Altered glycan structures are often produced as a consequence of changes in gene expression during different physiological or pathophysiological processes. This is particularly exemplified in different cancers which are associated with various glycosylation changes (57) . Studies on epigenetic modifications involved in protein glycosylation are still limited but their results indicate that this process might be very important for the regulation of protein glycosylation. These observations, organized by the affected gene families, are summarized below.
N-acetylglucosaminyltransferases
GnT-IVa (N-acetylglucosaminyltransferase IVa, MGAT4A) encodes a key glycosyltransferase that regulates the formation of highly branched glycan structures in the Golgi apparatus. GnT-IV is the only GnT for N-glycosylation that forms a gene family in higher vertebrates (25) . It catalyzes the transfer of N-acetylglucosamine (GlcNAc) from UDPGlcNac to the Man-a-1,3-Man-b-1,4-GlcNAc arm of complex glycans. It was reported to have a role in the regulation of the availability of serum glycoproteins, in oncogenesis and in differentiation.
The induction of GnT-IVa (isoenzyme N-acetylglucosaminyltransferase IVa) was observed after the treatment of human pancreatic cancer cells with both butyrate and 5-aza-C, suggesting that the downregulation of MGAT4A in cancer is due to an epigenetic abnormality. Because many cancer suppressor genes are regulated by epigenetic mechanisms, the downregulation of MGAT4A could be related to tumor suppressor functions (52) . B4GALNT2 (b-1,4-N-acetyl-galactosaminyltransferase 2) catalyzes the last step in the biosynthesis of the human Sd a antigen through the addition of an N-acetylgalactosamine residue via a b-1,4 linkage to a subterminal galactose residue substituted with an a-2,3-linked sialic acid. Sd a antigen is reported as a human blood group antigen and is found in more than 90% of human red blood cells and in several tissue types: stomach, colon, kidney and oocytes, as well as in various body fluids such as saliva, milk, serum and urine. It has recently been shown that cytosine methylation plays a crucial role in regulation of the Sd a b4GalNAcT-II gene and Sd a antigen expression (58) . When colon cancer cells, possessing a hypermethylated Sd a gene promoter, were treated with 5-aza-29-dC the expression of the Sd a gene was induced as a result of demethylation of the promoter region. Therefore, downregulation of Sd a gene expression in oncogenic processes facilitates the formation of the sLe a and sLe x antigens and promotes metastasis in gastrointestinal cancers (58) . Additionally, when human colon cancer cells were treated with butyrate, a histone acetylase inhibitor, neither alterations in the Sd a antigen nor B4GALNT2 gene expression was observed (53) . These results suggest that it is the DNA methylation rather than histone deacetylation that contributes to the downregulation of B4GALNT2.
N-acetylgalactosaminyltransferases
The first discovered human blood group system, ABO, derives from the existence of three glycosyltransferase alleles, A, B and O, at the same locus. Allele A is an Nacetylgalactosaminyltransferase (A3GALNT gene), allele B is a galactosyltransferase and allele O is a nonfunctional truncated variant (59) . Promoter hypermethylation of the A3GALNT gene was reported to be associated with the loss of blood group A antigen expression in bladder cancer, oral squamous cell carcinoma and gastric cancer cell lines (60) (61) (62) . More recently, Kawamura and colleagues compared the expression levels of 'glyco-genes', including glycosyltransferases and glycosidases in normal gastrointestinal mucosa and in gastric and colorectal cancer cells (53) . Inhibition of DNA methyltransferase was found to significantly increase expression of several N-acetylgalactosaminyltransferase genes including A3GALNT, B4GALNT1 and B4GALNT2 (53) . These results suggested that aberrant methylation can lead to a cancer-associated reduction of the level of A antigen in colon cancers. Moreover, the methylation status of the A3GALNT gene was found to correlate well with the expression of the blood group A and B determinants in gastric cancer cell lines (53) . These results suggest that DNA methylation contributes to a cancer-related silencing of the A3GALNT gene in gastrointestinal cancer cells.
Fucosyltransferases

FUT3 (fucosyltransferase 3)
is a member of the fucosyltransferase family which catalyzes the addition of fucose to precursor polysaccharides in the final step of Lewis antigen biosynthesis. Fucosylated glycosphingolipids which comprise the Lewis histo-blood group system take part in embryogenesis, tissue differentiation, tumor metastasis, inflammation and bacterial adhesion. This enzyme is essential for the expression of Le a and Le b antigens on erythrocytes but is not expressed in hematopoietic cells. By contrast, it is widely expressed in the epithelial cells of the digestive tract, including salivary gland, mammary gland, esophagus, stomach, pancreas, small intestine and rectum (25) .
Aberrant expression of Lewis antigens has been demonstrated in gastric carcinoma and can be partly due to an overexpression of the Lewis (FUT3) FUT7 (a-1,3-fucosyltransferase, FucT-VII) gene encodes a Golgi stack membrane protein that is involved in the formation of sialyl-Lewis X antigens and can direct the synthesis of the E-selectin binding sialyl X moiety. E-and P-selectin ligands are fucosylated oligosaccharides that enable trafficking of leukocytes and T cells into inflammed areas. The generation of selectin ligands depends on the coordinated action of a set of glycosyltransferases, particularly expression of fucosyltransferase (FucT) VII and core-2 glucosaminyltransferase (C2 GlcNAcT). The tissue distribution of FUT7 is limited to leukocytes and high-endothelial venules (25) .
Serpa and colleagues reported that cell cycle arrest prevented transcriptional activation of glycosyltransferases involved in the generation of selectin ligands (54) . By performing artificial DNA demethylation with 5-aza-29-dC, they strongly increased the frequency of selectin ligand expression in the cells. This data suggests that DNA methylation keeps transferase genes inaccessible in naive T cells. Hence, the induction of selectin ligands could be epigenetically modulated in lymphocytes during differentiation (63) .
Sialyltransferases
ST6GalNAc6 is identified biochemically as a sialyltransferase responsible for the synthesis of 2,3/2,6 disialyl Le a determinant (55) . This gene belongs to the family of sialyltransferase genes, which products (sialyltransferases) modify proteins and ceramides on the cell surface to alter cell-cell or cell-extracellular matrix interactions. Sialyl Le a determinant is also known to serve as a ligand for E-selectin and to mediate cancer metastasis. Concordantly, the expression of sialyl Le a is known to be increased in cancers of the digestive organs. In contrast, disialyl Le a , which has an extra sialic acid attached to the C6-position of penultimate GlcNAc in sialyl Le a , is expressed preferentially on nonmalignant colonic epithelial cells and its expression decreases significantly with malignant transformation. The transcription of a gene encoding the a-2,6-sialyltransferase (responsible for disialyl Le a synthesis in colon cancer cells) was markedly downregulated in cancer cells compared with nonmalignant epithelial cells, which is in line with the decreased expression of disialyl Le a and increased expression of sialyl Le a in cancer (55) . Treatment of human colon cancer cells with butyrate or 5-aza-C strongly induced disialyl Le a expression. This result implies that the observed downregulation of ST6Gal-NAc6 gene expression in cancer cells could be a consequence of epigenetic changes such as histone deacetylation and DNA methylation (55) .
ST3GAL6 (ST3 b-galactoside a-2,3-sialyltransferase 6) catalyzes the transfer of sialic acid to terminal positions of glycoprotein and glycolipid carbohydrate groups. These ter-minal sialic acid residues are widely distributed in many cell types. Kawamura and colleagues found this gene to be hypermethylated and downregulated in gastric cancer cell lines. These results suggest that epigenetic changes can occur in a group of 'glyco-genes' including ST3GAL6 in gastric cancer tissues, which can eventually induce aberrant glycosylation and expression of cancer-associated carbohydrate antigens by silencing the enzyme activity responsible for antigen expression (53) .
Sulfotransferases
Sulfotransferase 1A1 (SULT1A1) is a cytosolic enzyme with diverse tissue distribution. It catalyzes the sulfate conjugation of hormones, neurotransmitters, drugs and xenobiotic compounds. Among others, this reaction can result in inactivation of estrogens required for the maintenance of growth by most human breast cancers. Kwon and colleagues have shown a higher methylation density of the SULT1A1 gene in cancer tissue and a comparatively lower methylation density in normal and benign breast tissues. After evaluating the mRNA expression of the SULT1A1 gene, the data indicated that DNA methylation in the SULT1A1 gene had a significant impact on the transcriptional silencing of the gene (56) .
Heparan sulfate biosynthetic enzymes are key components in generating a myriad of distinct heparan sulfate fine structures that carry out multiple biological activities. The 3-OST-2 (heparan sulfate D-glucosaminyl 3-O-sulfotransferase-2) gene encodes an enzyme involved in the final modification step of heparan sulfate proteoglycans (HSPGs) and it directly influences signal transduction. HSPGs play a role in cell growth: adhesion and migration by interactions with grow factors, morphogens, cytokines and extracellular matrices. A CpG island in the 59 region of the 3-OST-2 gene was found to be hypermethylated, whereas its exon 2 was hypomethylated (51) . After treatment with 5-aza-29-dC the methylation was removed from the 59 region of the 3-OST-2 gene, and consequently a loss of 3-OST-2 expression was observed. Silencing of the 3-OST-2 gene suggests that altered modification of HSPGs is involved in cancer development and occasionally even in progression.
Expert opinion and outlook
After completion of the human genome project, the focus of biomedical science shifted to proteomics, metabolomics and other 'omics'. Unfortunately, the majority of studies are still being performed on recombinant proteins, which either lack glycans altogether or are associated with some nonphysiological glycans. Because over 60% of all proteins are actually glycoproteins (3), this is a significant drawback. The complex shape, functionality and dynamic properties of glycans allow these molecules to function in intermolecular interactions as encoders of biological information. N-glycosylation is conserved between all three domains of life, and even complex eukaryotes first synthesize common N-glycan precursors with nine mannose residues, which are then being trimmed down to core Man 3 GlcNAc 2 glycan by removal of six mannose residues. This process of adding and removing six mannose residues is metabolically very costly but apparently is a necessary process.
In spite of differences in genealogy and biosynthetic mechanisms of glycan and polypeptide parts of a glycoprotein, once synthesized, glycoprotein functions as a single unit and other interacting molecules cannot differentiate, whether they are binding to a protein or a carbohydrate part of the molecule. The most prominent peculiarity of glycans, which makes them very different from polypeptides, is that our genome does not contain templates for individual glycan structures. Instead, structures of glycans are encoded in a dynamic network of hundreds of genes and their products. Although production of a novel polypeptide structure requires changes in a DNA sequence, which threatens valuable genetic heritage, novel glycan structures can be produced by simple modification in gene expression, activity or localization of the corresponding enzymes. Moreover, because these changes are amenable to environmental influences (64), they are less predetermined than classical Mendelian mutations.
The variability of glycan structures both between and within a species by far exceeds the variability of proteins and other macromolecules. Although small differences between individual genes and proteins can hardly account for the versatility of life forms, when combined into a complex pathway such as protein glycosylation these small differences can generate a large difference in structures, which then perform different physiological functions. The immediate influence of environmental factors is also very important in this context. Although changes in protein structure can arise only as a consequence of mutations that irreversibly alter genetic information and can be validated only in the second generation, changes in glycan structures are reversible and can be repeatedly evaluated within the same organism, as manifested by crosstalk between intestinal glycans and commensal intestinal bacteria (65) .
Epigenetic regulation is a universal tool that higher organisms use to adapt to environmental changes. Although environmental factors (such as diet) influence enzymatic processes only while they are directly present, their prolonged effects can be achieved through epigenetic modifications which are inherited through numerous cycles of cell division. By modulating expression of relevant genes, epigenetic information can influence glycan structures and make the organism more fit for a given environment (food sources, specific commensal or pathogenic microorganisms, etc.). Transgenerational inheritance of epigenetic information is still an insufficiently understood process (66, 67) . Owing to the incomplete erasure of epigenetic modifications during the genome-wide resetting, which normally occur during mammalian early development (68) , some epialleles (epigenetic variants) can be transmitted to the offspring. It is tempting to speculate that if an acquired (through the lifespan of an individual) epigenetic regulatory status of genes responsible for glycosylation would be transmitted to a germ cell, this could be an essential evolutionary mechanism, which would enable adaptation of complex organisms to environmental changes, while preserving the precious genetic heritage.
Highlights
• The majority of eukaryotic proteins are glycosylated and the addition of glycans has important structural and regulatory roles.
• N-glycosylation is essential for life and its absence is embryonically lethal.
• Glycoproteome is several orders of magnitude more complex than the proteome.
• Glycan structures are not defined by single genes but by a complex dynamic network of hundreds of genes.
• Glycome profiles are generally stable in an individual, but highly variable between individuals and species.
• Changes in epigenetic regulation of glycosylation generate novel biological structures without changes in the genome of an organism. These structures confer novel functions and contribute to the adaptation to environmental changes.
• Inheritance of epigenetic regulation of protein glycosylation is an intriguing mechanism that could contribute to the evolutional adaptivity of complex organisms.
Conflict of interest statement
None declared.
